Effects of dendrite size on fracture properties of Zr-based amorphous alloys containing ductile b dendrites were explained by directly observing microfracture processes using an in-situ loading stage installed inside a scanning electron microscope (SEM) chamber. Three amorphous alloy plates having different thicknesses were fabricated by varying cooling rates after vacuum arc melting. The effective size of b dendrites was varied from 14.7 to 30.1 lm in the alloy plates, while their volume fraction was almost constant. According to microfracture observation of the alloy containing fine b dendrites, shear bands initiated at the amorphous matrix were connected with the notch tip as they were deepened through dendrites, which led to abrupt crack propagation. In the alloy containing coarser b dendrites, shear bands were initiated at the amorphous matrix to form a crack near the notch tip region and were expanded over large matrix areas. The crack propagation was frequently blocked by b dendrites, and many shear bands are formed near or in front of the propagating crack, thereby resulting in stable crack growth, which could be confirmed by the fracture resistance curve (R-curve) behavior. This increase in fracture resistance with increasing crack length could be explained by mechanisms of blocking of crack growth, multiple shear band formation, and crack blunting.
I. INTRODUCTION
DURING the past decades, remarkable advances in bulk amorphous alloys have been made by developing amorphous alloys such as La-Ni-Al, [1] Zr-Al-Cu-Ni, [2] Zr-Ti-Cu-Ni-Be, [3, 4] and Ti-Zr-Ni-Cu-Be [5] having high glass forming ability. Among them, Zr-based amorphous alloys show excellent glass forming ability (critical cooling rate: about 1 K/s), hardness, strength, stiffness, and corrosion resistance, [6, 7] and thus are accepted as leading-edge materials because of their potentialities in structural applications. However, the size and shape of the fabricated products are quite limited, and the manufacturing cost is high because the vacuum environment is required for die casting, thereby preventing a wide range of their application. In addition, there are problems to be addressed, a typical one being brittle fracture. When amorphous alloys are subjected to externally applied loads, shear bands work as a major initiator of deformation and fracture, thereby leading to abrupt fracture in a shear type. [8] [9] [10] In order to improve the fracture properties of amorphous alloys, active studies to fabricate composite-type alloys by distributing ductile crystalline particles in an amorphous matrix have been conducted. [11] [12] [13] [14] In recently developed Zr-and Ti-based amorphous alloys where ductile dendrites are formed in situ from the amorphous matrix, the tensile ductility is greatly improved by forming multiple shear bands in the amorphous matrix and deformation bands at dendrites. [15] [16] [17] Szuecs et al. [18] reported that a Zr-based amorphous alloy containing ductile dendrites of crystalline b phases (structure: bcc) showed the tensile strength of 1470 MPa and ductility of 3 pct. This improvement of tensile ductility was caused by the formation of more shear bands than those formed in a monolithic Zr-based amorphous alloy. In order to further improve the tensile ductility and fracture toughness, the size and volume fraction of dendrites need to be optimized, while trends of increased ductility and toughness with increasing volume fraction of dendrites are generally accepted. In addition, for the accurate evaluation of fracture toughness, systematic understanding of the correlation between microstructure and fracture toughness is required, and elucidation of microfracture mechanisms in relation with microstructure is essentially needed. A simple way widely used to investigate microfracture mechanisms is a phenomenological observation of fractured surfaces, the results of which can be quantified to effectively explain fracture properties.
Various fracture mechanism studies such as direct observation of crack tip blunting and crack propagation processes [19, 20] and microscopic observation of deformed microstructures beneath fractured surfaces [21, 22] have also been conducted. Despite these efforts, many difficulties still remain to be solved to correlate macroscopic fracture toughness with microscopic fracture mechanisms and to systematically analyze it.
In the present study, tensile properties and apparent fracture toughness of Zr-based amorphous alloys containing ductile b dendrites were measured, and mechanisms related with improvement of fracture toughness were examined by direct observation of deformation and fracture processes. Three Zr-based alloy plates having different thickness were fabricated by varying cooling rates after vacuum arc melting. The size of ductile dendrites was varied in the fabricated alloy plates, while their volume fraction was almost constant. Using an in-situ loading stage installed inside a scanning electron microscope (SEM) chamber, deformation and fracture processes were observed, and fracture mechanisms were investigated by focusing on how ductile dendrites affect the initiation and propagation of shear bands or cracks. [23, 24] This experiment enabled direct observation of the crack initiation and propagation behavior occurring near a sharp notch tip and study of the R-curve behavior in which fracture resistance increases with crack growth. [25] II. EXPERIMENTAL A master alloy of the LM2 alloy (commercial brand name of the Liquidmetal Technologies, Lake Forest, CA: composition, Zr 56.2 Ti 13.8 Nb 5.0 Cu 6.9 Ni 5.6 Be 12.5 (at. pct); b dendrite size, 6 to 7 lm; b dendrite volume fraction, about 40 pct) was fabricated by arc melting in a water-cooled copper crucible under a Ti-gettered argon atmosphere. LM2 alloy plates were produced in three water-cooled copper molds (interior size: 50 9 15 9 (3, 5, and 7) mm) by suction casting. For convenience, the plates of 3, 5, and 7 mm in thickness are referred to as A3, A5, and A7 alloys, respectively.
The alloys were polished in diamond pastes (size: 0.25 lm), etched by a solution of 40 mL HF, 20 mL HNO 3 , 40 mL HCl, and 200 mL H 2 0, and observed by an SEM (model: JSM-6330F, JEOL*). The average size and volume fraction of b dendrites were measured by an image analyzer. Electron backscatter diffraction (EBSD) analysis (resolution: 0.2 lm) was conducted by a field emission-scanning electron microscope (FE-SEM, model: HELIOS NANOLAB,** FEI). The data were then interpreted by orientation imaging microscopy analysis software provided by TexSEM Laboratories, Inc (Draper, UT). The microhardness of the matrix and b dendrites was measured by an ultra-micro-Vickers hardness tester (model: DUH-W201S, Shimadzu, Japan) under a 5-g load.
The alloys were machined into plate-type tensile specimens of 1 9 2.5 9 6.4 mm in size, and room-temperature tensile tests were conducted on these specimens at a strain rate of 5.2 9 10 À4 s À1 by a universal testing machine (model: 8862, Instron Corp., Canton, MA) with capacity of 10,000 kg. A compact tension (CT) type loading stage was installed inside an SEM, on which a thin CT specimen with a thickness of 0.5 mm in the grooved section was placed to conduct the in-situ SEM fracture tests (Figures 1(a) and (b)). [26] A fatigue crack should be introduced into the CT specimen for accurate measurements of fracture toughness, but a sharp notch with a radius of about 30 to 40 lm was inserted by an electric discharge machine, considering the difficulty of introducing a fatigue crack due to the brittle nature of the amorphous alloys. It is known from the relationship between the notch tip radius and the fracture toughness in ultra-high strength steels and metal matrix composites that the notch fracture toughness increases with increasing the notch tip radius when the notch tip radius is larger than 100 lm, while it is somewhat smaller than or close to fracture toughness, K Ic , when the notch tip radius is smaller than 20 to 30 lm. [27, 28] Thus, it can also be expected in the case of the amorphous alloys that the notch fracture toughness measured from the CT specimen with the small notch tip radius would be close to the actual value of K Ic . The load applied to the specimen was continuously measured by a small-scale load cell [26] (unit: mm).
*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
**HELIOS NANOLAB is a trademark of FEI Company, Hillsboro, OR (maximum load: 50 kg) installed in the stage and was recorded on an X-Y recorder to obtain the load-time curve, from which the maximum load, P max , was determined as P Q . (P max can be used as P Q in brittle materials.) While observing the specimen surface displayed on an SEM screen, a crack initiated and propagated from the notch tip above a certain stress intensity factor level. After the tests, fractured surfaces were observed using an SEM.
III. RESULTS AND DISCUSSION

A. Microstructure
Figures 2(a) through (c) are SEM micrographs of the A3, A5, and A7 alloys. Dendritic structures of b are homogeneously distributed in the amorphous matrix. These structures developed as b phases were precipitated directly from the melt. [11, 12] The average size and volume fraction of dendrites were measured, and the results are shown in Table I . The average size increases as the thickness of the alloy plate increases, although the volume fraction of b dendrites remains almost constant at 47 to 49 pct. Table I and increases in the order of the A3, A5, and A7 alloys.
B. Hardness and Tensile Test Results
The results of Vickers hardness and tensile tests are shown in Table II . The hardness values of b dendrite and amorphous matrix are highest in the A3 alloy and decrease in the order of A5 and A7 alloys. This hardness trend is related with the cooling rate. The yield and tensile strengths and elongation of the A3 alloy are 1510 MPa, 1590 MPa, and 7.9 pct, respectively. The A5 alloy has the lower yield and tensile strengths and higher elongation than the A3 alloy, and the A7 alloy has the lower strengths and elongation than the A5 alloy. The A3, A5, and A7 alloys have excellent properties of the yield strength over 1.3 GPa and the elongation over 8 pct, which are more excellent than conventional Zr-based amorphous alloys. [21] C. In-Situ Observation of Deformation and Fracture Processes the A3 alloy containing ductile b dendrites. When a load is applied (stress intensity factor: K I = 50 MPaÖm), shear bands are initiated at the amorphous matrix distant from the notch tip, as marked by a circle in Figure 4 (a). Under a high stress intensity factor (K I = 53 MPaÖm), more shear bands are initiated at the other matrix regions, and already initiated bands become deepened (Figure 4(b) ). Shear bands are propagated into dendrites, but are stopped as they are blocked by dendrites. Under higher loading (K I = 57 MPaÖm), the predominant shear bands become deeper and are connected with the notch tip (Figure 4(c) ). When the stress intensity factor increases further, the main crack initiated at the notch tip is abruptly propagated through the CT specimen. Figure 4 (d) shows a final crack propagation path along which the main crack relatively linearly propagates, as indicated by arrows. Figures 5(a) through (e) provide a series of SEM micrographs showing the deformation and fracture processes near a notch tip of the A5 alloy. b dendrites whose effective size is about 19 lm are homogeneously distributed near the notch tip region ( Figure 5(a) ). When the load is applied to the A5 alloy (K I = 44 MPaÖm), shear bands composed of fine and parallel lines are observed in the matrix near the notch tip region ( Figure 5(b) ). b dendrites are hardly deformed. When the load increases (K I = 47 MPaÖm), a crack initiates at the notch tip, while shear band areas formed in the matrix are expanded ( Figure 5(c) ). With the increased stress intensity factor of 49 MPaÖm, the crack initiated at the notch tip stops to propagate and is blunted when the crack meets with dendrites, as marked by an arrow in Figure 5(d) . Here, shear band areas are further expanded, while dendrites are hardly deformed. Under the higher stress intensity factor of 57 MPaÖm, the stopped crack starts to propagate across dendrites, and a number of shear bands are formed near or in front of the propagating crack ( Figure 5(e) ). Figure 5(f) shows the area in front of the main propagating crack when the stress intensity factor is 65 MPaÖm. A few shear bands located in front of the main crack are deepened, and some dendrites are deformed inside shear band areas. Figure 5 (g) shows a final crack propagation path along which the main crack stably propagates. The overall crack propagation path has a curved zigzag pattern and a number of shear bands are formed near the main crack, as indicated by arrows. Figure 5(h) shows an SEM micrograph of the deformed area adjacent to the fractured surface. Shear bands are well developed at the matrix, while dendrites are hardly deformed.
Figures 6(a) through (d) show the deformation and fracture processes of the A7 alloy containing coarse dendrites of 30 lm in size. Once the load is applied (K I = 40 MPaÖm), shear bands are formed in the matrix near the notch tip area, while a crack initiates at the matrix distant from the notch tip, as marked by an arrow in Figure 6 (a). In front of this crack, some shear bands are also formed. When the stress intensity factor increases to 47 MPaÖm, the crack propagates further along the matrix and stops when it meets with dendrites ( Figure 6(b) ). Inside shear band areas, some dendrites are deformed, and shear band areas are expanded. Under the higher stress intensity factor of 57 MPaÖm, the crack is connected with the notch tip as the predominant shear bands are deepened and propagate through dendrites (Figure 6(c) ). In front of the main crack, some shear bands are also deepened. The crack propagation path is shown in Figure 6 (d) (K I = 58 MPaÖm). It shows the relatively linear propagation path, because the main crack propagates mostly along deepened shear bands.
D. Apparent Fracture Toughness
The apparent fracture toughness was measured during the course of the in-situ fracture test. Because a sharp notch (notch tip radius: about 30 to 40 lm) was introduced instead of a fatigue crack, and because thin CT specimens were used in measuring the fracture toughness, toughness values do not satisfy the plane strain condition. In brittle materials such as amorphous alloys, however, the fracture toughness measured under the plane stress condition does not deviate much from that measured under the plane strain condition. [29] Also, the fracture toughness measured from the specimen with a sharp notch is almost the same as that with a fatigued precrack. [27, 28] Thus, the values measured from this method can be used to reliably evaluate the fracture toughness on the comparative basis. The apparent fracture toughness is obtained from the stress intensity factor measured at the point of the crack initiation in front of the notch tip. It is 51.8 MPaÖm in the A3 alloy and decreases in the order of the A5 and A7 alloys (45.3 and 40 MPaÖm).
Figures 7(a) through (e) are SEM fractographs of the CT specimens after the in-situ fracture tests. All the alloys show a vein pattern caused by shear bands, which is a primary fracture mechanism of amorphous alloys, but the forming extent of vein patterns is different in each alloy. In the A5 alloy, vein patterns are well developed (Figure 7(b) ) and are quite deep and crosslink each other (Figure 7(c) ). On the other hand, they are not well formed in the A7 alloy (Figure 7(d) ) and contain cleavagelike flat facets (Figure 7(e) ).
E. R-Curve Behavior
The apparent fracture toughness decreases in the order of the A3, A5, and A7 alloys. As indicated by the definition of plane strain fracture toughness, the fracture toughness is heavily affected by the stress applied to the specimen at the time of crack initiation at the fatigue crack tip. [27, 28] Thus, brittle materials having higher strength are more likely to show higher calculation value of fracture toughness, and the crack propagation phenomenon cannot be properly explained by it. [29] For more precise explanations of fracture toughness of amorphous alloys and phenomena accompanied with the fracture, the crack propagation behavior as well as crack initiation behavior should be investigated together.
For example, the A5 alloy shows a more stable crack growth, as shown in Figures 5(a) through (f) , than the A3 alloy, which indicates the higher resistance to crack growth in the A5 alloy. Figure 8 is an R curve of the A3, A5, and A7 alloys obtained by plotting both the crack propagation length and stress intensity factor measured during the in-situ fracture test. Since the crack is relatively abruptly grown to fracture in the A3 alloy, the R curve of the A3 alloy can be drawn up to the crack growth of about 0.1 mm. The stress intensity factor at the time of crack initiation, i.e., apparent fracture toughness, of the A5 alloy is 45.3 MPaÖm, which is lower than that of the A3 alloy, but steadily increases with increasing crack length, finally reaching 65 MPaÖm and showing the typical R-curve behavior. This increase in the resistance of crack growth of the A5 alloy is associated with continuous deformation at the crack tip region as ductile b dendrites block the crack propagation and accelerate the formation of multiple shear bands at the matrix. As a result of the occurrence of crack blunting at the blocked sites, the higher stress intensity factor is required for the further crack propagation, as seen in Figures 5(d) and (f) . This R curve of the A5 alloy shows increasing resistance to crack growth according to the presence of ductile b dendrites. The R curve behavior of stable crack growth also occurs in the A7 alloy, such as in the A5 alloy, as multiple shear bands are developed at the matrix. However, the apparent fracture toughness of the A7 alloy is lower than that of the A5 alloy because of its lower yield strength. When considering the fracture toughness and crack propagation behavior simultaneously, overall fracture properties of the A5 alloy are best among the three alloys, and the ductility is also improved by the plastic deformation due to the formation of multiple shear bands (Table II) .
The fabrication of Zr-based amorphous alloy plates having different thickness is a good method to understand the deformation and fracture behavior and to suggest optimal dendrite size for improving fracture properties. Fracture properties of the A5 alloy having optimal dendrite size are enhanced over the A3 alloy having finer dendrite size according to the R-curve behavior, although the measured apparent fracture toughness of the A5 alloy is lower than that of the A3 alloy. This effect is explained by the presence of b dendrites in terms of the mechanisms of (1) blocking of crack growth and crack blunting and (2) multiple shear band formation at the amorphous matrix. When considering that these amorphous alloys are mostly used in a plate form, the present fabrication method can provide the optimum thickness data of plates during rolling, extrusion, or strip casting. [20, 30] Particularly in the strip casting, which is recognized to be an economic fabrication process to reduce manufacturing cost and to expand applicability, the finding of the optimum plate thickness plays an important role in improving fracture and mechanical properties during continuous processing.
IV. CONCLUSIONS
Tensile and fracture properties of Zr-based amorphous alloys containing ductile b dendrites were evaluated, and the results were explained in relation to the direct observation of microfracture processes.
1. The amorphous alloys contained 47 to 49 vol pct of b dendrites whose effective sizes were varied at 14.7 to 30.1 lm with increasing plate thickness (with decreasing cooling rate). They showed excellent tensile properties of yield strength over 1.3 GPa and elongation over 8 pct.
2. According to observation of microfracture processes of the A3 alloy containing fine b dendrites, shear bands were initiated at the amorphous matrix distant from the notch tip, and were connected with the notch tip as they were deepened through dendrites, which led to abrupt crack propagation and final fracture. In the A5 alloy containing coarser b dendrites, shear bands were initiated at the amorphous matrix to form a crack near the notch tip region and were expanded over large matrix areas. The crack propagation was frequently blocked by b dendrites, and many shear bands are formed near or in front of the propagating crack, thereby resulting in stable crack growth. 3. Since the apparent fracture toughness measured from the in-situ fracture test was heavily affected by the stress applied to the specimen at the time of crack initiation at the fatigue crack tip, the A3 alloy having higher strength showed higher fracture toughness. However, according to the R-curve analysis data, the improvement of overall fracture properties in the A5 alloy was explained by the optimal size of b dendrites in terms of mechanisms of blocking of crack growth, multiple shear band formation, and crack blunting.
